Development of Finite Element (FE) modelling techniques has allowed the creation of 3D models based upon high resolution Computed Tomography (CT) images, which have been used to assess the mechanical properties of bone, fixation techniques, and the performance of bone micro-architecture. In this study, a semi-automated process for converting CT data into FE models has been used to investigate if the automated geometry and material properties mapping of mid-shaft cortical bone. In order to develop the process, a porcine femoral specimen was imaged with a spiral CT scanner, allowing the semi-automated creation of a 3D FE model. Inhomogeneous material properties were mapped using the Bonemat algorithm which allows automated adjustment of values from CT data. The 3D model was cropped at the start of each metaphyseal region to isolate the mid-shaft region for testing. Hand calculation of the mid-shaft was undertaken using a composite ellipse solution, which allowed the direction and magnitude of the maximum stresses, and the deflection occurring within the bone mid-shaft to be analysed with respect to the results obtained within the finite element testing. Predictions from the ellipse method correlated significantly well with the stress patterns and maximum deflections achieved within the 3D FE model, validating the modelling process for future testing. Using CT-derived FE analysis to determine failure mechanisms has great potential for use as a tool in fracture analysis. The increased geometrical accuracy has potential for use within Sports Injuries studies, where the inherent complexity of skeletal modelling and multi-factor loading conditions can often lead to errors in simplified solutions. Further understanding of failure mechanisms such as these can be used to influence the design of sports equipment and surfaces, helping to prevent sports injuries in the future.
Introduction
Advances in modelling software and technology have allowed the development of geometrically accurate Finite Element (FE) models based upon high resolution three-dimensional Computed Tomography (CT) images [1] . The development of techniques has been under development for some time [2, 3] allowing significant improvement in the accuracy of modelling the construction and geometry of biological materials, in particular the reconstruction of bone. Along with the development of the technique as a research tool there has been a development in the technology used, to the extent that software is now being offered to increase the rate at which the 3D FE models can be created.
The developing accuracy of these techniques has allowed the models to be used to assess the mechanical properties of bone, the performance of its microarchitecture and even the effectiveness of treatments for bone fracture. Combining this level of geometrical accuracy with biomechanical and engineering data could be used to determine the causes of injury to athletes for a variety of situations.
Materials and Methods

Creation of the finite element model
Porcine Femur samples were selected for the testing process, as they offer a comparative construction and geometry to human femoral bones and are readily available, allowing good repeatability.
Four specimens were selected for CT scanning at Sheffield Children's Hospital. The samples were individually scanned using a Lightspeed VCT CT scanner from GE Healthcare. A Calibration Phantom from Mindways was placed beneath each in order to allow comparative analysis (a Calibration Phantom is a device which includes a variety of media of known material properties which are used post-imaging to calibrate the CT data with respect to material density, and consequently used to derive the material properties of the imaged tissues).
The 3D FE model used in this paper were generated using Simpleware's Scan IP software, which enables the segmentation and meshing of CT data ready for exportation into a finite element package. The CT data is used as a slice-by-slice source image, onto which a mask is placed corresponding with the location of pixels indicating bone material, as defined by the appropriate grey-scale value and determined by the calibration Phantom. These individually sliced masks are then amalgamated into one threedimensional shape, which is then smoothed to minimise the occurrence of inaccurate geometry on the boundary between mask slices. Creating a 3D image in this way allows for accurate mapping of both the internal and external surfaces of the bone. The Scan FE module of the software was then employed for mesh generation, following the exportation of material property markers.
In order to further understand the behaviour of the inhomogeneous material, and to increase the validity of the finite element solution, physical testing will be undertaken in the future. This testing will take the form of controlled torsional test of isolated femoral mid-shafts, providing accurate values for maximum deflection, maximum permissible torque, and surface stress.
Material properties
One of the key attributes of the Scan IP software is the inclusion of an algorithm similar to the freeware software Bonemat. This allows the material properties used within the model to be adjusted by using the grey-scale values obtained during the CT scan, which accounts for the inhomogeneous nature of bone material. The basic premise for this calculation is that there is a linear relationship between greyscale value in the source image and the bone mineral density and therefore elastic modulus.
The grey-scale values used for the calculation are obtained from the source image used during the masking process, and can allow for the automated adjustment of material properties such as the mass density and the Young's modulus of the material used within the model as shown in Figure 1 . With the mid-shaft of the bone isolated from the metaphyseal regions during the testing procedures, it would be reasonable to assume that the majority of material under load would be cortical bone, however the algorithm was included to maximise accuracy and to test the procedure for future use. The calculation of the relationship between CT and Magnetic Resonance Imaging (MRI) and material properties has been under some investigation since the first use of the technique with subject-specific studies often providing a varied range of results [4, 5] . In this instance the equivalent water densities of known material samples from the calibration phantom were plotted against the grey-scale values obtained within the source image as shown in Figure 1. 
Finite element model validation process
Validation and confirmation of the results of the FE test procedure was undertaken by comparing the outputs of the FE tests of the bones with calculations based upon a thin-walled composite ellipse solution. The testing procedure selected was that of a quasi-static torsional test to analyse torsional fractures of the bone mid-shaft. The 'torsional' test selected is not strictly pure torsion, but rather a 'twist' test, as described by Saunders et al. [6] . Within a pure 'torsion' test each end of the bone specimen should be equally rotated, whereas for this verification and modelling process one end of the model was constrained, whilst the 'free end' was rotated.
Hand calculation
Published research regarding the determination of stress within bones has shown a number of geometrical assumptions to simplify the loading cases for hand calculation [7, 8] . These range in complexity from simple beam theory of constant diameter cylinders to more involved assumptions involving mapping the geometry of a small number of slices using a Fourier series.
With the mid-shaft region isolated, an elliptical cylinder assumption for the hand calculation model was considered to provide a suitably accurate comparison technique. Accuracy was increased further as an integrated result of each of CT source image slices was used to provide a composite rather than continuous cylindrical ellipse. The internal and external diameter of each slice was measured on the X and Y axis through the centroid of each image. The second moment of area was then calculated for each, with the results integrated to provide values for maximum stress, deflection and maximum permissible torque for the length of the entire bone sample.
Testing Procedure
Hand calculation loading parameters
The geometry of internal and external diameter of each of the 147 CT slices was recorded, and the second moment of area determined for each of these 'slices'. The results of the slices were integrated to allow formation of results for the mid-shaft as a whole.
In order to accurately compare with the outputs of the 3D FE model, a range of parameters were tested within the hand calculation. This technique would take account of the simplification of the geometry, the varying material properties, and the effect of the boundary conditions within the FE model. The results of the hand calculation were therefore provided in the format of a range of figures, within which it was expected that the FE model would fall. The input parameters such were selected from published data with the shear modulus ranging from 2 to 4 GPa, and the applied torque from 50 Nm to 250 Nm.
Whilst there are limitations in the use of a homogenous hand calculation, the use of an integrated calculation technique mapping allows more accurate location of maximum stresses along the Z axis, and highlights regions in which maximum permissible torque is reduced. This is more desirable than an averaged solution where geometry-averaged results could mask weaker areas of the structure.
Computational loading
The testing procedure followed within the hand calculation assumption isolated the bone mid-shaft. This allowed the use of cylindrical ellipse solution and isolated the influence of the construction of the metaphyseal region and also joint and ligament connectivity. This geometry was replicated within the modelling process, where the two metaphyseal sections were again omitted. Once the Ansys input file was produced via the Scan IP software, it was loaded into the FE solver ready for analysis. With the material properties previously assigned using the Scan IP software and Bonemat algorithm, the mid-shaft model was fully constrained at one end and torsional force was applied at the other. Location and magnitude of maximum stress and maximum rotational deflection were noted.
Due to the complex geometry of the mid-shaft, application of torque was via the inclusion of opposing force couples. Adding point loads to nodes on the surface provides unwelcome local effects at the actuation site and as such, these areas were omitted from the results for surface stress. Values for surface stress were taken from the surface of the central mid-shaft, rather than the surface of 'cut' metaphyseal ends. The values of applied torque in the FE model matched those used within the hand calculation methodology, such that stresses could be compared directly.
Results
The results of both the finite element model and hand calculations are provided graphically in Figure  2 . The finite element model additionally displayed clear information regarding the location and direction of maximum stress, which could be used in the future to indicate potential fracture sites within the bone. The limitation of the ellipse solution is that it cannot take into account small changes in surface geometry, and consequently the technique under predicts maximum stresses as noted upon the surface of the FE model, where the complex geometry creates stress concentrations. These values of higher stress were omitted for comparison with the hand calculations of stress. The compared results for average surface stress for the majority of the bone surface (> 65%) are shown below; the error bars represent an approximation of the maximum and minimum stresses noted in these regions on the FE model.
The results for the ellipse model are taken from a central slice of the bone, plus and minus 12 mm from the centre point of the Z axis. Graphical values as shown in Figure 2 represent the average stress in this region, with error bars noting the maximum and minimum stresses located found. Maximum rotation of the free end of the mid-shaft was predicted as between 3.9 and 18.9 degrees within the ellipse model for a shear modulus of 2 GPa, which correlates well with the results of the Ansys model, which showed deflections between 4.4 and 17.5 degrees.
Discussion
This study has been undertaken to replicate torsional fracture of bone mid-shaft. This is a complex injury, particularly in the Tibia and Fibula, and is prevalent in athletes. The injured bone can often require extensive fixation in order to repair appropriately. Whilst the general causes of this injury type are known, it is often difficult to determine the precise nature of bone injury, and this modelling technique has been developed in order to provide a more accurate method of injury analysis.
The results for shear stress of the ellipse and 3D FE models are provided in the form of a range of values, and are dependent on limiting factors such as the shear modulus which is automated in the FE model and inputted by hand in the ellipse calculation. Results obtained within the 3D FE model correlate well with the range obtained within the hand calculation methods, and were noted to be within 8% of the results for maximum deflection and within 30% of the value calculated for maximum stress. Whilst these are favourable results, the simplified ellipse model has limitations in its capability for predicting maximum surface stresses as a result of rapid geometry changes and this may account for the larger error noted here.
The use of laboratory based testing of the whole bone sample will help to better understand the behaviour of the inhomogeneous material under torsion, which will be used further validate the FE model results for surface stress as shown by Taylor et al. [9] . Meanwhile, it is also suggested that laboratory testing of sections of porcine femur be analysed in more detail, to accurately determine material parameters such as Shear modulus, which would then be inputted into the model to further refine the methodology. The key aim of this body of research and the development of this technique is threefold; firstly the technique allows for better understanding of the causes of fracture via medical scanning after an incident; secondly, the technique may be used before fracture, to provide a more accurate assessment of potential injury as a result of equipment design; finally the increased accuracy in bone geometry and non-linear material property modelling allows for greater knowledge of the forces within the context of sportswear and equipment interaction with an athlete. This would be particularly useful in the design of protective apparel and footwear, in which the knowledge of transferred stresses to an athlete is of vital importance.
The ability to model complex geometry and estimate the effect of inhomogeneous material properties has a variety of uses within a sporting and athletic context.
Conclusion
A mechanical model based upon a thin-walled ellipse calculation has been proposed as a means to validate the results of a 3D FE model derived from CT image scans of a porcine femur. The model performed favourably, predicting maximum stress and deflection of the bone sample to be within the expected range determined by the ellipse methodology.
Further physical experimentation using a torsional rig within a controlled laboratory would improve the validation for the values of deflection and torque, whilst dissection and testing of samples of the bone could be used to validate the material properties used via the Bonemat algorithm.
An improved model incorporating the metaphyseal regions, and accounting for ligament and tissue connectivity would offer the opportunity to further enhance the accuracy of this modelling technique.
